Abstract. Cities are vulnerable to flooding and historical events, for instance Hurricane Sandy in 2012, have showed that losses in the cities are costly. In the context of climate change and socio-economic development, future flood risk will inevitably rise; adaptive measures, for instance upgrading of sea dikes and floodwalls, improving drainage systems and implementing green infrastructures, are proposed under the changing environment in the cities. A question of when to implement what measures in the cities over time is then brought up. The approach of dynamic adaptive policy pathways is applied to formulate adaptation pathways for a case study of Shanghai to explore the optimal investment strategy in context of deep uncertainties. Adaptation concept is not only aiming to achieve optimal strategy but also to determine when to implement the measures. The adaptation pathways for three types of floods (coastal flood, river flood and pluvial flood) in Shanghai were formulated through a preliminary qualitative analysis. This could provide an insight to the long-term feasibility of adaptive flood risk strategies. This research could provide a rational indication for policy/decision makers on future adaptation strategy at the city scale.
Introduction
Urban flooding is a growing issue of concerning worldwide. Cities around the world are threatened by sea level rise as well as extreme river discharges and the intensified precipitation during a short period. These interactions potentially cause severe flood problems. In addition, cities are often densely populated and highly socio-economic developed centres with sophisticated networks of water-related infrastructures. Hence, the impact of flooding can be huge and costly. In addition to climate change and socio-economic growth, many cities are sinking as a result of land subsidence, for instance Jakarta, Ho Chi Minh City and Bangkok [1] , which pose threats to the reliability of flood defence system and enlarge the potential inundation scale and depth. These complexity creates serious challenges for governments and planning-and water management authorities, that need to make decisions about long-term sustainable and climate proof investments [2] . For instance, which of the possible infrastructural investments with regard to flood risk management should be implemented, when climate change impact and socio-economic changes are uncertain? Is it urgent, or could investments be postponed? And can upcoming investments in urban planning, infrastructural maintenance renovation or replacement be used to reduce flood risk and increase resilience? These questions require careful consideration. The objective of this paper is to explore climate adaptation pathways for flood risk management at a city scale in context of such a dynamic environment and to examine the characteristics of the cities in the process of formulation of adaptation pathways in a long-term.
The outline of the paper will be organized as follows: Section 2 will describe the methodology of dynamic adaption policy pathways; Section 3 is a case study of Shanghai city; and discussion and conclusion will be followed in Section 4 and 5.
Methodology
Deltares uses Adaptive delta management to assess climate change impacts, develop adaptation measures and calculate the effectiveness, analyse the robustness and flexibility of the adaptation strategy and design water management plans.
The interdependence of the water system and economic system requires an integrated systems approach of the delta. The inherent uncertainties regarding the magnitude and rate of climate change and socioeconomic developments require an adaptive approach. The need to invest in expensive water related infrastructure on the short term requires an approach that supports decision making under uncertainty. Adaptive 2016) delta management combines these aspects. Figure 1 shows the dynamic approach of delta planning -dynamic adaptive policy pathways. It starts from the problem analysis and objective determination and followed by the identification of actions and the assessment of efficacy, used-by conditions and timing; and then to develop and evaluate adaptation pathways and to select preferred pathways. Subsequently, it needs to determine the contigency plan to keep the pathways on the right track and futher to specify a dynamic adaptive plan. Next, the plan needs to be implemented and also monitored in a couse of loop, which means the actions need to be reassessed if there is a need. 3 Case study: Shanghai city, China
The approach of DAPP has been tested for the lower Rhine Delta in the Netherlands by [2] . In this paper, we re going to explore this approach in Shanghai as a tentative case by a quick scan. In recent years, several researches have highlighted that Shanghai is ranked as one of the most vulnerable cities worldwide in terms of current and future flood risk. Since Shanghai is experiencing a rapid growth with booming economy and dense population, the potential flood impact is expected to be far-reaching. The current flood risk is estimated at 70 million/year [3] and it will increase with a factor of 16 under the factors of sea level rise, land subsidence and socio-economic development until 2050 [4] . In the context of such a changing environment, pro-active adaptation measures are thus required to deal with future uncertainties.
At the end of 2013, Chinese government issued a "National Strategic Planning for Climate Change' [5] , explicitly required developing climate adaptation strategies at a provincial level in China. In accordance with this appeal, Shanghai Development and Reform Commission and Shanghai Meteorological Bureau jointly formulated a project of 'Strategic Planning of Climate Adaptation for Shanghai' in June, 2015, which aims to recommend adaptation measures for various sectors and different areas in Shanghai. In addition, (local/international) insurance company also pays attention to the negative impacts of extreme events especially during the typhoon weather (strong wind, torrential rainfall and storm surge) on the areas of interested, such as the low-lying areas, the old-town of Shanghai, industrial area of Pudong District and the New Shanghai Disneyland, etc. Furthermore, according to the 'City Planning in Five Years (2016-2020)', Shanghai aims to become an influential international metropolis in the world till the year of 2020. Thus, a dynamic adaptive planning is crucial to reach this objective.
Based on these practical requirements, several climate adaptation measures, for instance the reinforcement of floodwalls and sea dikes, the construction of tide gates, the improvement of drainage systems and the construction of green infrastructures, have been discussed about its effectiveness by previous studies [4, 6] . However, the solutions which are designed to address current problems will be probably no longer suitable in the future, which means a tipping point might be reached somewhere if no additional actions are taken. In order to extend the 'sell-by' date, therefore, how to formulate a dynamic adaptive long-term plan is a critical question for decision and policy makers of Shanghai city. An approach of DAPP is then proposed, which can analyse, design and monitor the adaptive actions in a loop for the system.
Current situation and problem analysis
Shanghai has been suffered from flood disasters for a long time due to its flat-low elevation and frequent typhoon weather. With climate change and socioeconomic growth, the frequency and intensity of flood events are expected to be increased and thus potentially cause high risk. In addition, Shanghai was ranked as top one city in term of flood vulnerability due to little resilience to a major flood and insufficient flood shelters for victims [7] . Facing with such a changing environment, (Chinese) National Climate Adaptation Programme required every major city to formulate climate adaptation measures and also to ensure the implementation. In terms of flood risk management, the aim of national programme can be implicitly translated into 'to protect major cities of China from flooding under climate change and to ensure the safety of property and residents'. In accordance with this, we define the 'success' of adaptive plan(s) as follows: 'the plan will be successful if no floods occur (in Shanghai) or even flood occurred only limited economic loss would be acceptable'. However, this objective is still vague to indicate the success of the plan. According to Taihu Basin Flood Prevention Programme the designed protection level for river flooding of Shanghai should maintain once in 1000 years [8] and Municipal Water Authority regulated that the designed protection level for drainage capacities in the downtown and new town of suburbs should be less than once in 5 years [9] , which implies that the definition of 'success' could be more specific as 'the plan will be successful if the city can prevent once in 1000 years of flooding in the river and prevent once in 5 years of pluvial flooding for the urban area'.
Current system
In this section, the flooding in the system was categorized into three types: coastal flooding, river flooding and pluvial flooding.
-Coastal flooding: the current coastal flooding is caused by storm surge during typhoon weather. The current protection level of sea dikes is between once in 200 years and once in100 years.
-River flooding: four interrelated factors can increase water level in the Huangpu River: namely astronomic tide, storm surge, river runoff from Tai Lake and torrential rainfall accompanied with Typhoon ( Figure  2 ). First, since the Huangpu River is a tide-dominated river, storm surge considerably influences the water levels in the downstream and middle stream. The coincidence of astronomic tide and storm surge could induce high storm tide; second, in order to release flood pressure for Tai Lake Basin, drainage water coming from Tai Lake due to torrential rainfall during Typhoon can increase river runoff in the Huangpu River, especially in the upstream; third, the urban drainage water during torrential rainfall is also considered as a potential flood driver in the Huangpu River. While these flood drivers contribute to different degrees to the high water levels in the Huangpu River. The torrential rainfall during typhoon or the rainstorm in a short period can increase the drainage burden in the sytem and if the drainage capacity cannot meet the requirements, pluvial flood easily occurs. Currently, in Shanghai, the drainage capacity is once in 1 year for most of the areas (80%), for some locations are once in 3 years and once in 5 years (20%).
Future system
Future socio-economic developments, sea level rise due to climate change and land subsidence, may require changes to the water management system. Due to climate change, the average sea level rise rate along East China Sea was estimated at 2.1mm/yr from 1991-2010, and the predicted rise rate between 2011-2030 and 2030-2050 would be 2.5mm/yr and 5mm/yr, respectively [10] [11] . Regarding land subsidence, it is reported that the compaction subsidence since 2011 is predicted as 6mm/yr along with 1mm/yr of tectonic subsidence. In general, the land subsidence is predicted as 8-9mm/yr in Shanghai after 2010 [12] . Therefore, with such estimated increasing rate, the 'relative' sea level rise since 2011 is projected to be 21-23cm by 2030 and 47-51cm by 2050, respectively.
Under the scenario of socio-economic development and sea level rise, the flood risk is estimated to increase 4 folds and 16 folds in the year of 2030 and 2050, respectively (see Figure 3) . 
Determine actions
As a result of the problem analysis, it is clear that flood risk will be increased in the future under climate change and socio-economic development. To ensure the safety from flooding in case of sea level rise, the increased river discharge and the increased precipitation, adaptive actions to prevent flooding need to be taken. Sea level rise, storm surge and high river discharge would increase water levels in the Huangpu River, the improvement of the floodwall (keep protection level of 1000 years return periods) can reduce the potential flood risk. In addition, the construction of storm surge barrier was regarded as an effective measure to prevent river flooding in the Huangpu River [4, 13] . The flood control reservoir and flood detention basin in the upstream of the river could store extra water during the high discharge events or absorb extra water when the storm surge barrier is closed down. The flood diversion channel can alleviate water stress during high discharge events and storm surge events.
Coastal wetlands, such as mangroves, saltmarshes, lagoons and estuaries, play an important role in protecting human communities from storm surges, which can absorb and slow down the floodwater from storm surge.
Improvement of drainage capacity into 5 years of return period in the city can reduce the probability of inundation of pluvial flooding; the blue-green infrastructures, such as green roof, rain garden and bioswales provide extra space to collect and retain stormwater. In addition, some other actions, like porous pavements and the small-scale storage cellar in the community can play an important role in the prevention of pluvial flooding. These flood-risk actions can be divided into three categories corresponds to coastal flooding, river flooding and pluvial flooding. The construction of storm surge barrier at the mouth of Huangpu River intends to prevent extreme high storm surge (due to climate change) during the typhoon weather. This action has an effect on the improvement of floodwall. If the decision makers decide to ensure safety by the construction of storm surge barrier at the mouth of the Huangpu River, then the floodwall can be acted as an additional measure to prevent flooding. The flood control reservoir and flood detention area in the upstream of the river are to be function in case of high river discharge at the time of storm surge events (or the closure of storm surge barrier). The flood diversion channel can reduce flood risk in the future if the water level in the main river increases dramatically. In addition, the improvement of the sea dikes can deal with future sea level rise.
Assess efficacy, sell-by date of actions, and reassess vulnerabilities and opportunities
The action to address the urban flooding, for instance, the improvement of drainage system can be always an option for the decision makers as long as the budget is enough; hence this action is depending on the financial capacity of the city and other actions like green infrastructure and small-scale storage cellar can support as additional measures to reduce flood risk in the urban areas. While the action of green infrastructure could be more attractive since it can provide a nicer environment for the residents in addition to the function of flood control and it also serves effectively on flood risk reduction.
Develop pathways
The following figures shows three examples of adaptation pathways to address future climate change which leads to sea level rise, river discharge increment and precipitation intensification in the future of Shanghai. It also represents climate change will bring flood pressure from the sea, the river and the sky, respectively. Figure 4 shows adaptation pathways to prevent flood stress from the sea. In this map, starting from current situation, the objective will be missed in 2020. Following the black line of the current situation, it can be seen that three options that can be implemented after this point. If the upgrade of sea dikes is chosen, a tipping point is reached within about 20 years, a shift to a combination of either one of the other two actions will then be needed to reach the objective. 2016) In Figure 6 , starting from current situation, the objective cannot be reached after 2015. Followed by the grey line of current plan, three options are function to extend the 'sell-by' date. If an action of improvement of drainage system is first chosen, the tipping point will be reached in 2080 (or even more longer, which depends on the financial capacity), while with a combination of green infrastructures and the improvement of drainage system after 2060 the objective can be reached for the next 100 years. If the action of small-scale storage cellar or green infrastructure is first chosen, the tipping point can only be reached in 2040 or 2060; the shift to the other actions should be additionally implemented after this point; for instance, the combination of small-scale storage cellar, the combination of the implementation of green infrastructure and the improvement of drainage system can extend the sell-by date for the next 100 years. 
Select preferred pathways
This sub-section is focusing on the selection of the preferred pathways for the prevention of river flooding under climate change and socio-economic development in the long term. From the adaptation pathways map, preferred pathways can be selected. Different decision makers and stakeholders can have different preferred pathways, depending on their values and benefits. For Water Authority Agencies, a preference for the action is related to control the water levels during typhoon in the Huangpu River of Shanghai. For the environmentalist, they are focusing on the water quality and the preservation of environment. For the residents or the society, the influence of government is relatively less and the action will be more market-driven.
To select the pathway, it should be noted that all the actions aims to decrease water level in the Huangpu River either by preventing storm surge at the mouth of the river or by decease river discharge coming from the the upstream. Actions with long 'sell-by' dates are shown on the top or bottom of the map, while actions with short 'sell-by' dates are shown close to current plan. The next step is to add the 'sell-by' dates and the transfers to other actions that would extend the 'sell-by' date. There are two pathways we can select for pluvial flooding in Shanghai. One is the selection of the improvement of drainage system as soon as the 'sell-by' date is reached in current situation. The blue-green infrastructure can support in combined with this action afterwards. However, it should be noted that this pathway could be very costly; another pathway is to put the bluegreen infrastructure and small-scale storage measures in the first place and followed by the improvement of drainage systems. This one is more attractive and is also in line with the planning programme of the current Shanghai government.
Determine contingency actions, signposts and triggers
In order to keep the pathways on the track, contingency actions can be specified. For example, the spatial planning rules can support the construction of flood control reservoirs and flood detention basin in the upstream of the river. The contingency actions should be associated with a monitoring system and trigger values. The monitoring system specifies what to monitor, and the triggers specify when a contingency action should be activated. The determination of signposts and triggers could be further made by modelling.
Specify a dynamic adaptive plan
Based on previous steps of problems analysis, objectives formulation and pathways development, a dynamic adaptive plan can be specified. In order to reach and maintain the protection level of 1/1,000 per year in Shanghai, the construction of storm surge barrier is quite necessary. The action of flood control reservoir should be implemented in case high river discharge increases water 2016) pressure when the storm surge barrier is closed. The combination of these two actions could be reserved into the mid-term planning (after 2050). Initial actions can focus on the improvement of floodwall (till the sell-by date of 2030). The actions of flood diversion channels can be served as the long-term actions while this action need support of spatial planning rules.
Implementation of dynamic adaptive plan and monitoring
As long the actions of the plan are implemented, and the Government continues monitoring sea level rise, land subsidence and climate changes. Further, the government monitors the changes in river discharge, water level in the river and the precipitation for the city.
Discussion
In this paper, we applied an approach to support decision making on long-term planning under uncertainties of climate change and socio-economic development, called Dynamic Adaptive Policy Pathways (DAPP). This approach assists in designing dynamic adaptive plans and we applied this approach at a city scale in order to examine the characteristics of the cities in the process of formulation of adaptation pathways in a long run. The 'dynamic' means the action can be reassesseed and continuously minitored after the implementation of the actions in a course of loop. For a city with a high-pace of socio-econmic development, it is quite necessary to conduct the assessment and reassessment of the actions to ensure the actions performs satisfactorily. In addtion, for a city, the design pattern can be very dynamic and the actions can change at any time to reach the specific goals. Thus our plans should be reassessed over time accordingly. The 'Adaptive' means the actions should reach a goal under a changing condition; the goal could be, for instance, to preserve the protection level of once in 1000 years for the Huangpu river. The actions should adapt the climte change and the socio-economic development over time.
Conclusion
The objective of this paper is to explore climate adaptation pathways for flood risk management at a city scale in context of a dynamic environment and to examine the characteristics of the city in the process of formulation of adaptation pathways in a long-term. The approach of Dynamic Adaptive Policy Pathways assists to result in adaptive plans that are able to deal with changing conditions for different types of flooding in a case study of Shanghai city. Frist, several adaptation pathways described the sequences of promising actions; and a monitoring system will relate actions to keep the plan on the track of a preferred pathway. These actions are anticipating to handle the vulnerabilities in the system over time and helps to reach the long-term goals. The combination of several actions was chosen to deal with future flood risk and was as the most promising pathway in the long-term plan. Second, the selection of preferred pathways under different perspectives can assist to frame the long-term plan from different ways. Third, the city application emphasized that apart from political uncertainties, the socio-economic development in a city was the main source of deep uncertainties in a time of exploring the adaptive pathways.
